Abstract. Dissolved iron and manganese and total dissolvable iron were measured in water column samples collected from the polynya region of the southern Ross Sea during cruises in November-December 1994 (spring 1994) and December 1995 to January 1996 (summer 1995). Iron and manganese addition bottle incubation experiments were also performed during these cruises in order to assess the nutritional sufficiency of ambient iron and manganese concentrations for growth of the phytoplankton community. Generally high dissolved iron concentrations (> 0.5 nM) and relatively complex iron and manganese vertical profiles were obtained during the spring 1994 cruise, compared with the summer 1995 data. Dissolved iron concentrations in the upper water column averaged 1.0 nM during spring 1994 and 0.23 nM in summer 1995, excluding two stations where concentrations exceeding 1 nM are attributed to inputs from melting sea ice. The observed differences in the distribution of iron and manganese between spring 1994 and summer 1995 are attributed to seasonal decreases in the upwelling of bottom waters and melting of sea ice, which supply these metals into the upper water column, combined with the cumulative removal of iron and manganese from the water column throughout the spring and summer, due to biological uptake, vertical export and scavenging by suspended and sinking particles. Results of the metal addition bottle incubation experiments indicate that ambient dissolved iron concentrations are adequate for phytoplankton growth requirements during the spring and early summer, when algal production is highest and Phaeocystis antarctica dominates the algal community, whereas low dissolved iron concentrations limit algal community growth later in the summer, except in the stratified, iron-enriched waters near melting sea ice, where diatoms are able to bloom. Our observations and the inferred seasonal distributions of P. antarctica and diatoms in these waters suggest that iron availability and vertical mixing (i.e., irradiance) exert the primary controls on phytoplankton growth and community structure in the southern Ross Sea during the spring and summer.
Introduction
The Ross Sea is one of the most productive areas in the Southern Ocean, although the processes which control algal growth, biomass, and community structure in the region are not well understood ; Di_Tullio and Smith, 1996; Smith and Gordon, 1997; Arrigo et al., 1998a, b] . A large coastal polynya is frequently established in the southern Ross Sea during the spring, and by the late summer, most of the continental shelf region is free of ice [Jacobs and Comiso, 1989] . Elevated phytoplankton biomass is typically observed in the southern Ross Sea during the spring, reaching a maximum in December, then declining during January Here the algal community is dominated by the colonial prymnesiophyte Phaeocystis antarctica during the spring and early summer, when algal production rates reach a maximum, whereas diatom species are abundant later in the summer, when lower production rates have been measured [Gowing et al., 1996 ; Leventer and Dunbar, 1996; Arrigo et al., 1998a; Bates et al., 1998 ]. Large spatial and temporal gradients in phytoplankton growth rates, biomass, and species composition have been observed in this region, despite an abundance of major nutrients ; DiTullio and Smith, 1996; Gowing et al., 1996; Smith and Gordon, 19971, and diatom blooms are often associated with retreating seasonal sea ice during the summer Nelson, 1985, 1990; Comiso et al., 1993; Arrigo et al., 1998a Arrigo et al., , 1999 . Factors thought to be important in controlling algal production and community structure in these waters include vertical stability of the upper water column [Smith and Nelson, 1990; Arrigo et al., 1998a Arrigo et al., , 1999 , light limitation glue to sea ice cover and self shading , and availability of micronutrient elements such as iron [Martin et al., 1990a; Seclwick and DiTullio, 1997] .
The availability of dissolved iron is thought to be a key factor regulating phytoplankton production in high-nitrate low-chlorophyll regions of the open ocean [Martin et Here we present results of water column iron and manganese measurements and iron and manganese enrichment bottle incubation experiments performed in the southern Ross Sea during two cruises, the first in spring and early summer 1994 (spring 1994) and the second in midsummer [1995] [1996] (summer 1995). Our trace metal data suggest that there are significant seasonal variations in the distributions of iron and manganese in these waters. During the spring 1994 cruise, when much of the region was covered by sea ice, we obtained relatively complex water column profiles, with generally high dissolved iron concentrations (> 0.5 nM) in the upper water column. In contrast, during summer 1995, when ice-free conditions were widespread, we observed relatively smooth vertical profiles, with low dissolved iron concentrations (< 0.5 nM) in the upper water column at most stations. We propose that these apparent seasonal differences in iron and manganese distributions reflect decreasing inputs of these metals into the upper water column during the spring and summer, combined with the effects of biological uptake, vertical export, and particle scavenging. The water column 
Cleaning Procedures
The polycarbonate water column samplers (see section 2.2) were initially cleaned by rinsing with deionized water (DIW, > 18 Mf• cm resistivity), extended soaking in a dilute aqueous solution of Triton X-100 surfactant, then extended soaking in ~1 M subboiling quartz-distilled hydrochloric acid (Q-HC1) in a Class-100 clean-air laboratory, with DIW rinsing after each soaking step. After initial cleaning, the water samplers were used on the two cruises discussed here and on a cruise in the Subantarctic Southern Ocean in January 1995 . During these cruises the samplers were stored wet in clean polyethylene bags. After the final deployment of each cruise, the water samplers were flushed with DIW then stored in clean polyethylene bags. The Nalgene low-density polyethylene or Teflon FEP bottles used for storage of water samples were cleaned by 2 days soaking in -1 M Q-HC1, followed by 2 days conditioning over boiling -6 M HC1 fumes [Tschopel et al., 1980] , with DIW rinsing after each treatment. Bottle caps were soaked for 2 days in -1 M Q-HC1, followed by 2 days soaking in ~6 M Q-HC1, with DIW rinsing after each treatment. The bottles were stored filled with -0.5 M Q-HC1 and were rinsed with DIW followed by several volumes of sample solution immediately before use. Other laboratory equipment or plastic containers. Poretics polycarbonate filter membranes were soaked for several days in -•6 M Q-HC1, followed by DIW rinsing and storage in DIW.
Sample Collection
Surface seawater samples were collected from the ,•vindward side of the ship in 1 L low-density polyethylene bottles mounted in an acrylic frame on an acrylic-coated aluminum pole while slowly underway [Boyle et al., 1994] , immediately before occupying each hydrocast station. Subsurface water column samples were collected by hydrocast in 6 L trace metal water samplers suspended from a Superbraid nonmetallic line, using solid teflon messengers and an epoxy-coated steel end weight. The water samplers, which were custom-built at CSIRO Division of Marine Research, are made of polycarbonate and have silicone rubber O-ring seals, Teflon PTFE spigots, an external closure mechanism made of silicone rubber and nylon, and several small external components made of high-purity titanium. In order to readily identify any contamination associated with individual water samplers [see Martin et al., 1990b] only four samplers were used during these cruises. Vertical concentration profiles with samples from more than four depths were obtained from two successive hydrocasts using three water samplers, performed within a period of 12 hours. Sample depths were estimated from line out, which was read from a metering block with a stainless steel sheave. All sampling equipment was wrapped with polyethylene when not in use in an effort to avoid contamination by airborne dust.
Processing and Analysis
Upon recovery the water samplers were transferred to the shipboard laboratory and mounted in front of a Class-100 clean-air bench for processing. Seawater samples were immediately filtered through 0.4 •tm pore-size Poretics polycarbonate membranes into Nalgene low-density polyethylene (LDPE) or Teflon FEP bottles for analysis of dissolved trace metals and major nutrients. Nitrogen gas passed through an in-line 0.2 •tm pore Teflon membrane filter was used to pressurize the water samplers, and samples were drawn under the clean-air bench through Teflon FEP tubing and in-line Teflon PTFE filter holders. The surface-seawater sample bottles were sealed in polyethylene bags upon recovery then transferred into the clean-air bench, where they were pressure-filtered through 0.4 I. tm pore-size Poretics polycarbonate membranes using filtered nitrogen gas and Nalgene polysulfone filter flasks. Unfiltered subsamples were collected in 60 mL Nalgene LDPE bottles, acidified with J. T. Baker Ultrex II (spring 1994 samples) or Seastar (summer 1995 samples) double-quartz-distilled concentrated hydrochloric acid (2 mL acid per liter sample), and stored for later analysis of total dissolvable Fe in Hobart. Transfer tubes, filtering apparatus, and sample containers were rinsed with several volumes of sample solution before final collection of subsamples, and all sample manipulations were performed within the clean-air bench following stringent trace metal clean protocols. On the basis of the low and uniform 
2.4.2.
Summer 1995. In experiments conducted at stations L3, L6, and L8, surface seawater was sampled from a Zodiac as described above, except that seawater collected in a single 20 L carboy was transferred into a clean 50 L polyethylene carboy in the Zodiac, and the full 50 L carboy was immediately transferred into the shipboard cold room.
The seawater was transferred into 1200 mL polycarbonate bottles as described above. In the iron treatments, bottles were amended with either 2.5 nM Fe (station L3; "high" 
Photosynthetic pigments.
Chlorophyll a, accessory pigments (chlorophyll c3, fucoxanthin and 19'-hexanoyloxyfucoxanthin) and total phaeopigments were determined by high-performance liquid chromatography (HPLC) in material filtered from the incubation bottles as described by DiTullio and Smith [1996] . In each of the summer 1995 experiments, relatively high concentrations of phaeopigments (comparable to the chlorophyll a concentrations) were measured in samples from the incubation bottles, indicating that significant grazing had occurred, possibly by microzooplankton such as heterotrophic dinoflagellates and ciliates (M. Gowing, personal communication, 1999) . In these experiments the sum of total chlorophyll and phaeopigment concentrations, reported here as "total chlorophyll equivalents," was measured using a shipboard fluorometer, following extraction and sonification of the filtered material in 90% acetone. Our rationale for measuring and reporting fluorometric total chlorophyll equivalents in the summer 1995 experiments is to account for the effects of grazing on algal biomass produced during the incubations, which would lead to significant underestimates in biomass yield based on chlorophyll a concentrations. This is not the case for the spring 1994 experiment, in which phaeopigment concentrations were below our limit of detection in most of the treatments, and for which HPLC chlorophyll a concentrations are used to estimate algal biomass accumulation in the incubation bottles.
Results

Water Column Profiles
The reliability of open-ocean trace metal measurements is an important consideration, given the ease with which samples may be contaminated during collection, processing, and analysis, and the current lack of both standard reference materials and interlaboratory comparisons. show that nitrate was almost completely consumed after 7 days, with no significant difference in nitrate drawdown between treatments (p) 0.1, unpaired student's t test). There were also no significant differences (p) 0.3) between the increases in total chlorophyll equivalents in the three treatments ( Figure 5 ). These results indicate that the relatively high ambient Fe and Mn concentrations in surface waters at station L3 were sufficient for the growth requirements of the algal community. However, we note that significantly higher . The spring dominance of P. antarctica is thought to reflect the neutral buoyancy of colonial P. antarctica and the ability of P. antarctica to maintain near-maximal photosynthetic rates under low levels of irradiance [Arrigo et al., 1998a [Arrigo et al., , 1999 . This latter observation may be interpreted in terms of the dependence of algal iron requirements on irradiance and cell size, in that the cellular iron requirements of phytoplankton are thought to increase as irradiance decreases and cell size increases [Raven, 1990; Sunda, 1994; Sunda and Huntsman, 1997]. Thus, even with relatively high dissolved iron concentrations in the southern Ross Sea during spring and early summer, the irradiance/mixing regime may be such that the growth rate of diatoms is limited by iron deficiency (i.e., diatom growth is colimited by iron and light availability), whereas the growth rate of the smaller P. antarctica cells is not. This is consistent with the results of our spring 1994 experiment, in which elevated fuco:hex ratios and lower chlorophyll c3 levels in the In addition to regulating the production and export of organic carbon in the Ross Sea, the availability of iron may exert an important control on the production and export of biogenic silica in this region. The Ross Sea is an area of large-scale accumulation of biogenic silica, and diatom production in these waters may play a 
